There has been little consistency to date in the method used to express concentrations of organic contaminants in zebra mussels collected from the Great Lakes. Concentrations have been reported on a wet whole (with shells), dry whole, wet soft tissue, dry soft tissue, and lipid weight basis. This study examined residues of organic contaminants in samples of zebra mussels collected from 24 sites in the lower Great Lakes and St. Lawrence River, to determine if the way in which the residues were normalized could affect the precision of estimated concentrations or the spatial trends observed. Variation in the moisture content of soft tissues was minimal, so normalizing to wet or dry soft tissue weight would yield consistent results. Moisture content of whole mussels was more variable, and relative proportions of soft tissues and shell vary with size, season and location-potentially confounding spatial trends. Lipid content also varies greatly among locations, seasons and years, and lipid-normalized residues were much more variable than residues normalized to whole or soft tissue weight. Furthermore, site-to-site trends based on lipid-normalized data did not always agree with those based on other components of the organism, and thus should not be interpreted in isolation.
Introduction
Zebra mussels (Dreissena polymorpha) are being used with increasing frequency as biomonitors of organic contaminants in the Great Lakes system (Secor et al. 1993; Marvin et al. 1994; Comba et al. 1996; Roe and MacIsaac 1998; de Lafontaine et al. 2000) . These exotic bivalves are ideal for monitoring contaminant trends in the Great Lakes because they are widely distributed throughout the system and may reach densities in excess of 50,000 individuals/m 2 within two years of their introduction (Neves et al. 1996) . Due to their tremendous filtering capacity (MacIsaac et al. 1992 ) and high absorption efficiencies for lipophilic compounds (Ma et al. 1999 ), zebra mussels accumulate organic contaminants to much higher levels than those in their surrounding environment (e.g., Bruner et al. 1994a) . Their uptake and elimination rates are rapid; thus, they can closely track temporal fluctuations in contaminant levels (Morrison et al. 1995 ). Zebra mussels may accumulate levels of contaminants in their tissues that are high enough to be potentially toxic to predators (Roper et al. 1996) , and they can pass unassimilated contaminants to other benthic organisms through their feces and pseudofeces (Bruner et al. 1994b; Ma et al. 1999) . There is evidence to suggest that zebra mussels are capable of altering contaminant cycling and the biomagnification of contaminants throughout the food chain (Bruner et al. 1994b; Morrison et al. 1995; Mazak et al. 1997 ). Zebra mussels are useful biomonitors not only because of their ability to bioaccumulate contaminants, but also because "…they have the potential to regulate chemical transport and fate in aquatic ecosystems" (Morrison et al. 1995) . Mersch et al. (1992) cautioned that standardization of sampling protocols, analytical methods and data reporting procedures are needed before zebra mussels can be used in routine monitoring. Choosing the most appropriate method of expressing contaminant concentrations in zebra mussels has been problematic, and there has been little consistency to date. Residues have been expressed as concentrations based on whole mussel (with shells) wet weight (Doherty et al. 1993; Marvin et al. 1994) , whole mussel dry weight (Comba et al. 1996) , soft tissue (without shells) wet weight (Brieger and Hunter 1993) , soft tissue dry weight (Secor et al. 1993; Robertson and Lauenstein 1998; Willman et al. 1999; Marvin et al. 2000) and lipid weight (Metcalfe et al. 1997; Endicott et al. 1998; Roe and MacIsaac 1998) .
Concentrations of organic contaminants in zebra mussels are often used to indicate spatial trends in environmental contamination. The purpose of this study was to determine if the method used to normalize body burdens of organic contaminants in zebra mussels could significantly influence the trends observed. The data used in this analysis were residues of organochlorine pesticides and PCBs measured in zebra mussels collected from sites in the lower Great Lakes and St. Lawrence River in the early 1990s (Comba et al. 1996) .
Materials and Methods

Sample Collection, Preparation and Analysis
Samples of zebra mussels were collected from 24 sites in Lake Erie, Lake Ontario and the St. Lawrence River between November 1990 and June 1992. The sites were chosen to represent a wide range of types and degrees of contamination, based on their proximity to known pollution sources. Mussels from sites 1 to 11 (excluding 3), 17, 18, 20 and 21 were removed from navigational buoys during annual servicing by the Canadian Coast Guard; mussels from site 3 were collected from the anchor of a sediment trap mooring; and mussels from sites 12 to 16, 19 and 22 to 24 were removed from the shells of native freshwater mussels living at these sites. A single composite sample consisting of at least 30 zebra mussels was prepared for analysis from each site. Mussels from nine sites (12-15, 17, 19 and 22-24) were shucked, and only the soft tissues were analyzed. Their shells were air-dried and weighed. Specimens from the remaining 15 sites were analyzed with their shells on. The former samples will be referred to throughout as the "soft tissue dataset" and the latter as the "whole mussel dataset." All samples were freeze-dried, extracted with dichloromethane, cleaned up, and analyzed for total residues of aldrin, BHC, chlordane, chlorobenzene, DDT, endosulfan, mirex and PCBs using a Hewlett-Packard 5690 capillary gas chromatograph equipped with dual electron-capture detectors. Lipid content was determined gravimetrically. Detailed analytical methods and a map showing the site locations are provided in Comba et al. (1996) . As shown in Table 1 , concentrations of organic contaminants in zebra mussels varied greatly among samples from the various sites. Samples used in this study were obtained from various sources and could not be standardized for size, age, condition, or time of year.
Data Normalization and Statistical Analysis
To compare residues of contaminants in zebra mussels among the study sites, body burdens must first be normalized to a standard compo- (Table 2 ). Shell weights were available for the latter samples, so concentrations could also be calculated on a dry whole weight basis-assuming that shells would contribute weight, but not contaminants, to the samples. In other samples of zebra mussels from the Great Lakes, concentrations of organic contaminants in tissues were found to be 400 times those in shells (RG. Kreis Jr., U.S. EPA, Large Lakes Research Station, Grosse Ile, Mich., February, 1995, pers. comm.) . Kendall's tau-b coefficient of concordance was used to determine if the ranking of study sites based on residues of target chemicals in zebra mussels was influenced by the way in which the residues were normalized. Kendall's tau-b is a non-parametric test for ordinal measurements based on pairs. It is similar to Spearman's rank correlation coefficient (r s ), except that it considers the magnitude of the difference between two ranks in addition to their order. The use of Kendall's tau-b is recommended when tied ranks are evident. Site ranks based on the various normalization methods, and Kendall's tau-b coefficients for comparing ranks obtained by the different methods, were computed for each of the eight groups of target chemicals using the SSPS ® Ranking Method (SSPS for Windows, Professional Statistics, Release 5.0).
Results
Results of the Kendall's tau-b tests of concordance between site ranks based on various normalization methods are presented in Tables 3 and 4 . In the whole mussel dataset, site ranks based on wet whole weight and dry whole weight were highly correlated (p < 0.01) for all eight compounds (Table 3 ). In the soft tissue dataset, site ranks based on wet soft tissue weight and dry soft tissue weight were also significantly correlated, although the tau-b values tended to be lower (Table 3 ). Since site ranks based on wet weights did not differ significantly from those based on dry weights, and because the samples were actually analyzed dry, wet weight-normalized values were not considered further.
Correlations between site ranks based on dry whole weight and lipid weight were variable, with tau-b values ranging from 0.29 for ΣPCB to 0.70 for Σchlordane and Mirex (Table 4) . Correlations between site ranks based on dry soft tissue weight and lipid weight were even more variable, ranging from 0.06 for Mirex to 0.94 for Σchlordane. The two sets of concordance coefficients did not agree well. For example, site ranks for ΣPCB and ΣDDT based on dry whole weight were not correlated with those based on lipid weight, whereas site ranks based on dry soft tissue weight and lipid weight were highly correlated for these compounds. Conversely, site ranks for Mirex and ΣBHC based on dry whole weight were highly correlated with those based on lipid weight, whereas site ranks based on dry soft tissue weight and lipid weight were not correlated. Upon closer inspection of the data, it became evident that correlations were generally higher in the dataset exhibiting the wider range of concentrations for a given contaminant (see Table 1 ). For example, concentrations of ΣBHC ranged from 0.25 to 11.60 ng/g in the whole mussel dataset versus only 0.08 to 0.85 in the soft tissue dataset (all residues expressed as ng/g dry whole weight for direct comparison), and tau-b values were 0.62 versus 0.28, respectively. For ΣDDT, the range of concentrations was greater for the soft tissue dataset (0.34-41.13 ng/g) than the whole mussel dataset (1.20-15.13 ng/g), and tau-b values were also greater (0.83 and 0.37, respectively). Since measures of dry whole weight and lipid weight were available for all 24 samples, site-to-site trends in contamination could be compared across all study sites using these two methods of normalizing the data. As shown in Table 4 , site ranks were significantly correlated for all contaminants except PCBs. Despite this general agreement between the two methods, there were obvious differences in the ranks of some sites depending on whether the data were standardized to lipid content or dry whole weight. Some of these differences are illustrated in Fig. 1 , where study sites are arranged in descending order of contamination according to concentrations expressed as ng/g dry whole weight. Lipid contents of the samples are also shown.
For ΣPCB, site ranks based on lipid-normalized concentrations did not correspond with site ranks based on concentrations normalized to dry whole weight (tau-b = 0.37). Samples from sites 13 and 16 had lipid contents of only 0.2%, and the combination of a relatively high body burden and a very low lipid content resulted in extremely high lipid-normalized concentrations of ΣPCB at these two sites. For chlorobenzenes, site ranks based on residues normalized to lipid weight and dry whole weight were significantly correlated at p < 0.05 (tau-b = 0.47). However, all four sites where lipid content of the samples was ≤0.3% ranked much higher when the data were lipid-normalized (4 th , 2 nd , 3 rd and 6 th ) than when they were standardized to dry whole weight (8 th , 10 th , 13 th and 19 th , respectively). For ΣBHC, site ranks based on residues normalized to lipid weight were significantly correlated at p < 0.05 with ranks based on dry whole weight (taub = 0.46). Sites 7 and 20 emerged as the sites most contaminated with ΣBHC, regardless of whether concentrations were normalized to lipid weight or dry whole weight. However, seven of the eight samples with lipid contents of less than 1.0% ranked higher on a lipid weight basis than on a dry whole weight basis. For Σchlordane, site ranks based on lipid-and dry whole weight-normalized data were highly correlated (tau-b = 0.92; p < 0.01). The sample from site 13, which had a lipid content of 0.2%, was an exception. On a dry whole weight basis, the concentration of Σchlordane in this sample was one-fifth of that in the sample from site 7. On a lipid weight basis, however, the concentration in the sample from site 13 was an order of magnitude higher than the concentration in the sample from site 7.
Discussion
Marine and freshwater bivalves are used to monitor contaminant levels in coastal and inland waters around the world. These "mussel watch" programs provide valuable information on contaminant trends and bioavailability that can be used for the modelling, assessment, pre-
Fig. 1.
Comparison of site-to-site trends in contamination of zebra mussels with PCBs, chlorobenzenes, BHC, and chlordane, based on residues normalized to dry whole weight (upper histogram) and lipid weight (lower histogram). diction and management of contaminants in aquatic systems (e.g., Lauenstein and Cantillo 1993) . The success of these programs can be largely attributed to the development of sound sampling and analytical protocols. Zebra mussels hold great promise as candidates for a "mussel watch" program in the Great Lakes, provided sufficient time and effort is invested in the development of standardized methods for their use. At the present time, the incomparability of datasets from the Great Lakes is "…a severe problem which has been difficult to resolve" (R.G. Kreis Jr., U.S. EPA, Large Lakes Research Station, Grosse Ile, Mich., April 2001, pers. comm.). This study examined one of the factors that must be considered when developing standard procedures, namely, the method used to normalize contaminant residues in zebra mussels.
Trends in contamination among study sites in the lower Great Lakes and St. Lawrence River, as determined by concentrations in whole zebra mussels or their soft tissues, were largely unaffected by whether the samples were normalized to wet or dry weight. This suggests that the moisture content of zebra mussels is relatively constant over space and time, and even among specimens of different sizes and ages. Moisture content of the soft tissue samples was very consistent (91% ± 4% SE). Moisture content of the whole mussel samples was, of course, lower, but was also less consistent (39% ± 17%). This greater variability could be due to the fact that many of the whole mussel samples consisted of clumps of small zebra mussels that could not be cleaned of debris and periphyton adhering to their shells prior to analysis. Moisture contents of zebra mussels measured in this study are typical of values reported in the literature for Great Lakes populations. Soft tissue moisture contents of 86% (Brieger and Hunter 1993) , 87% (Fisher et al. 1993 ) and 91% (4%; Doherty et al. 1993 ) have been reported for mussels from Lake Erie and Lake St. Clair. Moisture contents of whole mussels tend to be more variable. Values of 40% (Doherty et al. 1993) , 49% (Dermott et al. 1993 ) and 55% (Fisher et al. 1993) were observed in mussels-again from Lake Erie and Lake St. Clair. There was no apparent relationship between mussel size or time of year and whole mussel moisture content. These findings suggest that if zebra mussels are analyzed whole, i.e., with their shells on, contaminant residues normalized to wet whole weight would be less precise than residues normalized to dry whole weight.
Zebra mussels from 15 of the study sites were analyzed whole, while those from nine other sites were shucked and their soft tissues were analyzed. We found that it was not practical to shuck zebra mussels smaller than 2.0 cm in shell length; as a result, zebra mussel monitoring programs may have to accommodate both types of samples. Even if shells do not contain significant amounts of organic contaminants, concentrations in whole mussels cannot be converted to concentrations in soft tissues without knowing the proportion of total body weight consisting of shell versus soft tissues, and if these proportions change significantly with size, season or location. Shell weight accounted for a consistent proportion of dry whole weight (89% ± 5%) in the nine samples that were shucked prior to analysis; however, all specimens were of a similar size and the samples had been collected from the same reach of the St. Lawrence River. Dermott et al. (1993) reported that the proportion of dry shell weight to dry whole weight in zebra mussels from northeastern Lake Erie increased from about 83% in mussels measuring 1 to 5 mm in shell length to 90% in those 15 mm long. Garton and Haag (1993) determined that 8-to 9-mm zebra mussels from western Lake Erie lost half of their dry soft tissue weight in late spring, probably due to low phytoplankton abundance, and another 50% during spawning. Similarly, Nalepa et al. (1993) found that 15-mm mussels from Lake St. Clair lost about 60% of their dry tissue weight between the spring maximum and the fall minimum, half of which was due to spawning. These changes would be expected to alter the proportion of shell to soft tissue weight, which would in turn introduce error into the conversion of concentrations measured in whole mussels to values reported on a soft tissue weight basis.
Concentrations of the eight tested compounds in zebra mussels varied by one to two orders of magnitude, on a whole mussel dry weight basis, across the 24 study sites. Lipid contents of these samples were also variable (0.2-2.8% dry whole weight), and as a result, lipid-normalized concentrations varied by two to four orders of magnitude among the sites. Within-site variability in lipid content was not determined. Although data normalized to dry whole weight and lipid weight described broadly similar spatial trends in contamination, samples with very low lipid contents and moderate to high body burdens of contaminants tended to rank higher when lipid-normalized concentrations were reported. In the absence of data on concentrations of contaminants in the water or suspended particulates at these sites, it is difficult to determine which dataset best reflects exposure levels.
The average lipid content of zebra mussels from the Great Lakes appears to be about 10% of dry soft tissue weight (Brieger and Hunter 1993; Doherty et al. 1993; Nalepa et al. 1993; Secor et al. 1993; Robertson and Lauenstein 1998) . In this study, we observed an average lipid content of 10.7% in samples from the St. Lawrence River. However, lipid contents have been shown to vary greatly among sites, over seasons and from year to year. Nalepa et al. (1993) observed lipid contents ranging from 6.4% to 17.7% in five size classes of mussels collected from two sites in Lake St. Clair from spring to fall over two years. Differences between years were not apparent, but percent lipid decreased from spring to fall and was higher at the site with the lower population density. Secor et al. (1993) noted a range of 7.2 to 12.9% lipid in mussels collected from six different sites in New York in mid-fall. Dermott et al. (1993) reported dramatic seasonal changes in lipid content of mussels from northeastern Lake Erie; percent lipid was 7% (as dry whole weight) in May, 4% in July, 2% in August and 1.5% in November. Similarly, Roe and MacIsaac (1998) observed a steady decline in lipid content from 1.6% (as wet soft tissue weight) in June to 0.6% in August in mussels from western Lake Erie. Bruner et al. (1994a) found that lipid contents of both large (21 mm) and small (15 mm) zebra mussels from western Lake Erie were higher in 1992 (6-14% and 6-19% dry soft tissue weight, respectively) than in 1991 (4-8% and 5-9%). Lipid contents of zebra mussel samples in the present study varied by an order of magnitude, probably due to the wide range of conditions (year, season, degree of contamination) under which sampling was conducted. Since lipid-normalized residues of contaminants in zebra mussels are likely to be more variable than residues standardized to whole or soft tissue weight, lipidnormalization would be advantageous only if such data best described the exposure of zebra mussels to environmental contaminants. There is some evidence that this may not be the case.
Lipid content is known to be a major factor influencing the bioaccumulation of organic contaminants by organisms (Phillips and Rainbow 1993) . However, lipid-normalization of contaminant concentrations in the context of a biomonitoring program is only defensible under the following conditions: (i) where equilibrium partitioning is the primary mechanism of bioaccumulation (Tanabe et al. 1987) , (ii) where equilibrium has been attained (Phillips 1986) , and (iii) where contaminant concentrations vary in direct proportion to lipid contents (Hebert and Keenleyside 1995) . Borgmann and Whittle (1991) found that lipid content in Lake Ontario lake trout increased with age and size, often at a faster rate than concentrations of PCBs and organochlorine pesticides. They argued that food chain biomagnification, rather than simple equilibrium partitioning, was regulating the body burdens of these compounds in trout. Huckins et al. (1988) found that lipid-normalization of PCBs in seven species of fish from Waukegan Harbour increased variation among species by fivefold over values normalized to wet whole weight, and concluded that PCB residues were not in equilibrium with the environment due to the fishes' mobility. Although equilibrium partitioning is the most likely mechanism by which mussels accumulate lipophilic contaminants (Tanabe et al. 1987 ), and mussels (unlike fish) are sedentary, this does not necessarily mean that their lipid pools will be in equilibrium with the environment. Morrison et al. (1995) suggested that populations of zebra mussels require at least two months of exposure to reach steady state with levels of PCBs in the aquatic environment. As noted earlier, lipid contents of zebra mussels can change dramatically over short periods of time, thus disturbing this equilibrium. Roe and MacIsaac (1998) found that partitioning of organic compounds into zebra mussels may depend more on neutral lipid content than total lipid content. Concentrations of neutral lipid-adjusted PCB concentrations in zebra mussels from a contaminated site in western Lake Erie increased steadily from early May to late August, indicating that lipid levels were decreasing faster than the chemicals could be eliminated. This phenomenon could explain the negative relationship between lipid content and concentrations of organochlorine compounds (ng/g dry weight) observed by Robertson and Lauenstein (1998) for zebra mussels from various locations in the Great Lakes, as well as our own finding that mussel samples with very low lipid contents often had relatively high body burdens of these contaminants.
Where contaminant concentrations in biota are related to lipid content, but the relationship is confounded by other factors that also affect bioaccumulation, lipid-normalization may increase data variability and/or lead to erroneous conclusions regarding contaminant trends (Hebert and Keenleyside 1995) . Several independent factors are known to influence the bioaccumulation of organic contaminants by zebra mussels. Fisher et al. (1993) showed that the accumulation of benzo[a]pyrene and PCB 153 decreased with increasing temperature, and Bruner et al. (1994a) found that small mussels accumulated higher concentrations of PCBs and PAHs than large mussels, despite similar lipid contents. Unlike fish, neither zebra mussels (Bruner et al. 1994a; Nalepa et al. 1993; Secor et al. 1993 ) nor marine bivalves (Phillips 1986 ) exhibit increases in lipid content with size or age. According to Phillips and Rainbow (1993) , "…much remains unknown (about) the relationships between the bioaccumulation of trace organic contaminants and lipid composition…" especially, they note, in invertebrate species.
Conclusions
Zebra mussels have the potential to be useful system-wide biomonitors of organic contaminants in the Great Lakes, provided that sampling protocols, analytical methods and data reporting procedures are carefully standardized. Results of this study showed that the method used to express contaminant concentrations in zebra mussels may affect both precision and accuracy of the data. Moisture content of the soft tissues was very consistent; thus, normalizing to either wet or dry tissue weight should yield the same trends. Moisture content of whole mussels was more variable, so data normalized to wet whole weight would be less precise. Moreover, the analysis of whole mussels may be problematic. Although shells are unlikely to contain significant amounts of organic contaminants, the relative proportions of soft tissues and shell vary considerably with season, location and mussel size. Also, it is difficult to ensure that shells are free of attached material, such as algae and debris, prior to analysis.
Data from this and other studies show that lipid contents of zebra mussels vary greatly among locations, seasons and years. As a result, lipid-normalized residues of contaminants can be expected to be much more variable than those normalized to soft tissue or whole mussel weight. A more troubling issue is the fact that trends based on lipidnormalized data do not always agree with those described by data normalized to whole or soft tissue weight. Since lipid content provides useful information on the reproductive status and condition of organisms, lipid content should be measured and reported in biomonitoring programs. However, the relationship between lipid content and bioaccumulation in zebra mussels is complex and poorly understood, and lipidnormalized data should not be interpreted in isolation. The adoption of a set of standard methods for conducting zebra mussel monitoring programs in the Great Lakes would allow for the inter-comparability of study results, and would greatly improve our ability to follow spatial and temporal trends in pollution.
